Inhibition of glycogen synthase kinase-3 is necessary for the rapid antidepressant effect of ketamine in mice This study found that (a) administration of a relatively low dose of ketamine to mice inhibits brain glycogen synthase kinase-3 (GSK3), (b) this inhibition of GSK3 is necessary for rapid antidepressant-like effect of ketamine in the mouse model of learned helplessness because mice expressing constitutively active GSK3 are completely resistant to the antidepressant-like effect of ketamine, and (c) administration of a dose of the GSK3 inhibitor lithium much higher than usually used produces a rapid antidepressant-like effect equivalent to ketamine. This demonstrates that inhibition of GSK3 is required for rapid antidepressant effect of ketamine in this model and raises the possibility that acute administration of specific GSK3 inhibitors may be sufficient to produce rapid antidepressant effects similar to ketamine.
Ketamine administration can produce rapid antidepressant effects in patients with major depression and relieve treatment-resistant depression.
1,2 These actions likely arise from ketamine's antagonism of glutamatergic N-methyl-D-aspartate (NMDA) receptors, as well as from additional mechanisms that have been suggested. [3] [4] [5] We previously found that memantine, another NMDA antagonist, caused rapid inhibition of glycogen synthase kinase-3 (GSK3) in mouse brain, 6 which raised the possibility that ketamine may have a similar action. This is relevant because much evidence links inadequate inhibition of GSK3 to major depressive disorder and bipolar disorder. 7 Here, we report that ketamine rapidly inhibits GSK3 in mouse brain, and the rapid antidepressant effect of ketamine in the learned helplessness model of depression-like behavior requires inhibition of GSK3 and is mimicked by acute high-dose administration of the GSK3 inhibitor lithium.
Using the subanesthetic dose of ketamine (10 mg kg
À1
; i.p.) previously established to have rapid antidepressant effects in rodents, 3, 4 we found that ketamine robustly increased serine-phosphorylation of both GSK3a and GSK3b isoforms (Figure 1a) , indicators of GSK3 inhibition. 8 GSK3 inhibition was evident in the hippocampus and the prefrontal cortex 30 and 60 min after administration, times previously reported to be important for the rapid antidepressant action of ketamine. 3 We confirmed previous reports 3, 4 that ketamine administered after inescapable shock
Letters to the Editor training reduced subsequent failures to escape in the learned helplessness model of depression-like behavior (Figure 1b ), indicative of a rapid antidepressant-like effect. To test whether inhibitory serinephosphorylation of GSK3 induced by ketamine is required for this rapid antidepressant effect, we used GSK3a
knock-in mice with serineto-alanine mutations to eliminate the inhibitory serines of GSK3a/b. 9 These mutations maintain GSK3 maximally active, but importantly within the physiological range as both GSK3 isoforms are expressed at normal levels, and these mice develop and reproduce normally with no overt phenotype. The antidepressant effect of ketamine in the learned helplessness paradigm was completely absent in GSK3 knock-in mice, demonstrating that ketamineinduced serine-phosphorylation of GSK3 is necessary for its antidepressant action in this mouse model. To test whether other means of inhibiting GSK3 had a rapid antidepressant effect, we administered a high dose of lithium chloride (100 mg kg À1 ; i.p.), a direct inhibitor of GSK3, 10 to wild-type mice, which also reduced depressive-like behavior in the learned helplessness test.
These results demonstrate that ketamine rapidly inhibits GSK3 in mouse brain and that inhibition of GSK3 is necessary, and may be sufficient, for a rapid antidepressant effect in the learned helplessness model of depression-like behavior in mice. These findings add to the substantial evidence already Figure 1 Ketamine rapidly increases inhibitory serine-phosphorylation of glycogen synthase kinase-3 (GSK3), which is required for its antidepressant effect in the learned helplessness model of depression-like behavior in mice. (a) The inhibitory serine-phosphorylation of GSK3a (on serine-21) and GSK3b (on serine-9) was increased in the hippocampus and cerebral cortex 30 and 60 min after administration of 10 mg kg À1 ketamine (i.p.). Total levels of GSK3a and GSK3b were unaltered by ketamine treatment, indicating ketamine modulates phosphorylation, not expression, of GSK3. (b) The learned helplessness model of depression-like behavior was tested as described by Li et al. 3 Wild-type (WT) or GSK3 knock-in (KI) mice were subjected to random mild foot shocks, 24 h later ketamine (K; 10 mg kg À1 ; i.p.) or lithium chloride (Li; 100 mg kg À1 ; i.p.) was administered, and after 24 h mice were tested with escapable foot shocks. The number of failures to escape out of 30 trials from the escapable foot shocks and the 5-trial average latency to escape in 24 s trials are shown. Comparisons (*P < 0.05; analysis of variance) demonstrate that ketamine significantly increased serine-phosphorylation of GSK3 and ketamine and lithium significantly reduced depression-like behaviors in wild-type mice, whereas ketamine was ineffective in GSK3 knockin mice in which serine-phosphorylation of GSK3 is blocked.
linking active GSK3 to increased susceptibility to mood disorders and inhibition of GSK3 to therapeutic outcomes. 7 These findings also raise the possibility that administration of specific inhibitors of GSK3 may provide a mechanism for rapidly controlling depression. This protocol is not feasible with lithium because of its toxic effects at serum levels above 1.5 mEq l
, but may be achieved with the application of new small molecule inhibitors of GSK3 that are potent and able to rapidly inhibit GSK3 in the brain.
The impact of the CACNA1C gene polymorphism on frontolimbic function in bipolar disorder Genome-wide association studies in bipolar disorder (BD) 1 have implicated a single-nucleotide polymorphism (rs1006737, G-A) in the CACNA1C gene, which encodes for the alpha 1c (CAV1.2) subunit of the voltage-gated, L-type calcium channel. Neuroimaging studies of healthy individuals report that this risk allele modulates brain function within limbic (amygdala, anterior cingulate gyrus) and hippocampal regions during tasks of reward processing 2,3 and episodic memory. 4 Moreover, animal studies suggest that the CaV1.2 L-type calcium channels influence emotional behaviour through enhanced neurotransmission via the lateral amygdala pathway. 5 On the basis of this evidence, we tested the hypotheses that the CACNA1C rs1006737 risk allele will modulate neural responses within predefined prefrontal and subcortical regions of interest during emotional face processing and that this effect would be amplified in BD patients.
A total of 116 individuals of white British descent comprising 41 euthymic patients with BD, 25 of their first-degree relatives without any Axis I disorder and 50 healthy controls, were genotyped for the CACNA1C rs1006737 polymorphism ( Table 1 There was no effect of genotype or genotype by diagnosis interaction on demographic variables (P > 0.15). Carriers of the CACNA1C rs1006737 risk allele had higher depressive and manic symptom scores (P = 0.01) with this effect being more pronounced in patients (P < 0.02) ( Table 1 , Supplementary Material).
All participants completed a functional magnetic resonance imaging facial affect recognition task comparing fearful with neutral faces (Supplementary material), which had previously been used in imaging genetics. 6 Anatomical and gradient-echo echoplanar imaging data were acquired during the same session using a 1.5 T GE Neuro-optimized Signa Magnetic Resonance system (General Electric, Milwaukee, WI, USA). We examined the effect of genotype, group and their interaction on predefined prefrontal (lateral and medial prefrontal cortex and anterior cingulate cortex) and subcortical (amygdala, hippocampus) regions of interest known to be associated with fear facial affect processing 6, 7 or to be modulated by CACNA1C rs1006737. 2, 3, 4 Full factorial analysis of variance with response time, age and symptom scores as covariates was implemented in SPM5 (http:/www.fil.ion.ucl.ac.uk/spm/software/spm5) (Supplementary material); statistical inferences were based on a threshold of P < 0.05 with family-wise error correction.
Independent of diagnostic group, the right amygdala (x = 26 y = À2 z = À26 z-score = 4.60) showed greater activation during fear-face recognition relative to neutral faces in AA/AG compared with GG individuals (Figure 1) . A significant effect of group was noted in the right ventrolateral prefrontal cortex (vlPFC; x = 52 y = 38 z = À10 z-score = 3.71). A significant genotype Â diagnosis interaction was also observed in the right vlPFC (x = 54 y = 36 z = À12 z-score = 3.64). The right
